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I. ·Abstract 
Tri-Gate fully-depleted CMOS transistors have been fabricated 

with various body dimensions. These experimental results and 3-D 
simulations are used to explore the design space for full depletion, 
as well as layout issues for the Tri-Gate architecture, down to 30nm 
gate lengths. It is found not only that the Tri-Gate body dimensions 
are flexible and relaxed compared to single-gate or double-gate 
devices, but that the corner plays a fundamental role in determining 
the device I-V characteristics. The comer device not only turns on at 
lower voltages due to the proximity of two adjacent gates, but the 
DIBL of this part of the device is much smaller than the rest of the 
transistor. The shape of the subthreshold 1-V characteristics and the 
degree ofDIBL control, as well as the early device turn-on are also 
greatly affected by the degree of body comer rounding. Examination 
of layout issues shows that the fin-doubling approach from using a 
spacer printing technique results in an increase in drive current of 
1.2 times that of a planar device for a given width, though the shape 
of the allowed Tri-Gate fins has certain restrictions. 

II. Introduction 
One ofthe ftmdamental issues facing scaling of CMOS transistors 

is the ability to control the transistor leakage current (loft), while at 
the same time maintaining high drive current (Ion) [l]. Figure 1 
shows a representative sampling of the trend ofloffwith gate length 
for bulk devices [2]. It can be seen that, irrespective of whether the 
transistors are in production (i.e. well controlled) or not, the same 
monotonic increase in Ioffwith shrinking gate length is maintained. 

One solution to this is to go to a fully-depleted design [3], where 
the sub-threshold slope (S/S) approaches the theoretical value of 60 
mV/dec. FinFET double-gate transistors have been offered for 
future transistor design [ 4], but, while this device offers excellent 
short channel effect (SCE) control, the vertical nature of the device 
and the difficulties in fabricating such a device suggest that the Tri­
Gate might be the next transistor design. 

In this paper, we explore the issues facing the transistor design 
and layout of such devices at gate lengths of 30nm and below, both 
from the experimental and simulation viewpoints. 

III. Tri-Gate Fabrication & Device Characteristics 
Tri-Gate transistors down to 30nm were fabricated in the 

following manner. To get body widths of the same approx. size as 
the polysilicon gate, the body was first fabricated by treating it in a 
similar manner to polysilicon, using aggressive poly-silicon 
lithography and etch techniques to get body thicknesses equal to 
gate lengths. The body was then doped to obtain acceptable 
threshold voltages (Vt) using conventional boron implants. No halo 
'implants were used for setting Vt, nor were there any angled 
implants used anywhere in the process. This is in contrast to 
Double-Gate {DG), and this is possible since the Tri-Gate very 
much resembles bulk transistor from the processing point-of-view. 
However, to get the right Vt's, it was found necessary to protect the 
Tri-Gate bodies from boron outdiffusion into the surrounding oxide 
by an N20 oxidation before gate definition. Toe gate stack included 
polysilicon gates, and a conventional physical oxide thickness of 15 
Angstroms. Raised source/drains were used to reduce parasitic 
resistances [2], and the transistor was silicided using nickel. 

CMOS Tri-Gate transistors were fabricated down to 30nm. 
Figures 2 and 3 show examples of CMOS devices at Lg:=60nm. Fig. 
4 shows .the cross-section of the nMOS device in Figs 2 & 3. This 
device has body dimensions of H5;=36nm and W8;==55nm, The 
NMOS device had a subthreshold slope (S/S) = 68 mV/decade, 
D1BL=4lmVN, Ion=l.14mA/mm and Ioff=70nA/mm at Vee= 
1.3V. The PMOS device showed S/S=69.5 mV/decade, DIBL= 
48mV/V, lon=520mA/mm and loff= 24nA/mm at Vcc=l.3V 

IV. Tri-Gate Simulations and Layout 
One of the advantages of the Tri-Gate structure is the flexibility 

of the body. Figure 5 shows that between the extremes of Double­
Gate (Fig.5 a) and Single-Gate (Fig.5 e), the Tri-Gate can have a 

multitude of shapes (Fig. 5 b-d). Figure 6 shows the width-to-height 
ratio needed to maintain the body in full depletion for single gate 
(SG) and DG devices, and the experimental and 3-0 simulation 
calibrated to the experimental, for the 60nm Lg device. The 
simulation and experimental data shows that the body dimensions 
are more relaxed, and that the device has full depletion with 
excellent short channel control at body values greater than SO (H8;) 

or DG (W s;) devices require. The same is true at Lg=30nm (Fig. 7). 
To understand this more fully, 3-D simulations were undertaken 

using DESSIS [5]. Both Lg=60nm (Hsi=60nm and Ws;=60nm) and 
Lg=30nm (Hs;=30nm and Wsi=30nm) showed full depletion at 
these body sizes. Fig. 8 shows the simulated Id-Vg characteristics 
of the Lg=30nm device. Splitting this simulation into comer and 
non-comer components (Fig. 9), it can be seen that the comer turns 
on earlier than the body. The presence of the immediately-adjacent 
gates (e.g. gl/g2 or g2/g3 in Fig. 5) are responsible for the lower Vt 
of the comer device, as well as the smaller DIBL compared to the 
non-comer device. This is further shown in Figure 1 O, where the 
comer device is seen to provide most of the total transistor current, 
until Vg=0.4-0.SV. The comer effect can also be seen from the 
electron density curves of Figure 11, where at Vg=0.4V, Vd,:;::JV, 
the comer regions have the highest electron density. Thus the full 
transistor depends intimately on the comer. If the body is too wide, 
the full device shows a hump in log Id-V g resulting in lower Ion. 

To further explore the corner effect, simulations were performed 
on devices whose comer shape was changed. This is shown in 
Figure 12, where R represents the radius of curvature of the comer. 
It can be seen that the sharper the comer, the greater the early turn­
on effect of the comer device and the smaller the DIBL. By 
R=20nm, the Vt of the comer device has shifted by almost 200mV. 

Thus the best design involves keeping the body width small, at 
the same time rounding the Tri-Gate body comers to ensure that the 
comer device does not tmn on too· early. There are further 
constraints however to the design of the body, and this is related to 
layout. Tri-Gate body shape can vary, from FinFET-like to single­
gate-like (Fig 13). In order to attain maximum perimeter width in a 
given layout area, spacer lithography is needed (Fig. 14) [2,7]. 
While the H;. is unlimited using this technique, W s; is governed by 
the need to form gaps between the spacers (Fig. 14). Figure 15 
shows the amount of drive current enhancement over planar 
devices, achieved in a given layout area. For litho printing. the fin 
width cannot drop below 30nm due to litho limitations at this node. 
This gives a drive current of0.6 times the planar device. For spacer 
printing, the minimum width has no limits, but the maximum width 
is fixed at 50nm, due to the need to define the spacers themselves 
(Fig. 14). The gain in Ion is always greater than for a planar device, 
and at 30nm dimensions, the Ion is 120% that of a planar device. 

V. Conclusions 
Tri-Gate CMOS transistors have been fabricated, as well as 

simulated down to Lg=30run to explore the fabrication and design 
space at these dimensions. Full depletion is achieved with relaxed 
body dimensions over other fully-depleted transistor structures. It is 
found that the comer of the body plays an dominant role in the sub­
threshold behavior. Fi.n-thermore, comer rounding is found to affect 
greatly the threshold voltage of the devices, as well as the sub­
threshold characteristics. It is also shown that layout play an 
important part in the shape of the Tri-Gate body. It is concluded 
that in an optimized Tri-Gate device, particular attention will have 
to be paid to the device body edges. 
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figure 4. Croos-section of silicon body for the 
nMOS Tri-Gale Tnmsistor of figs 2 & 3. 
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Figure 2. Id-Vg characteristics for a Tri-Gate CMOS 1rs11Sistor 
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Figure 3. ld-V d cbar.lcteristics for the CMOS 
Tri-Gat.e transistor of Figure 2. with aa60 WSi~ssnm HSi =36mn at Vcc=O osv and 1.3V. 
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Figure s. Schematic iltu.tration of the 1ypes of fully­
depicted transistor architcc111rcs. The Tri-Gale (b-d) offers 
flexibility in silicon body geo111e1ry. 
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Figure 6. Regions of fully-depleted and partially-depleted 
behavior for Single gale and double-gate @Lg=60nm. Tri­
Gate bcxly shows moe maxecl body dimensions than either. 
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Figure 7. Regions of f:ully depleted and partially depleted 
behavior for , ingle gate and dollble-gale @Lg=30nm.Tri-Gale 
body shows more rel"1!8(1 body dimensiono than either. 
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Figure t. 3-D Simulation of a 30nm Tri-Gate uansisior. 

Figure 9. 3-D Simulation of Lg='.lOnm Tri-Gate device, 
showing CUl'1'ent contribution.~ nf onmer and ncm-comt:r 
tegioM. 
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Figme 13. Measurement of drive cum:nl per unit width (period). 
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Fignre 14. Period ofTri- Gate Structures using spacer 
printing approach for both mn. width and min. width 
dimr.miform tn maintain f111II tlepletion 
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